In this paper a new robust direct torque control strategy based on second order continuous sliding mode and space vector modulation of a doubly fed induction generator integrated in a wind energy conversion system is presented.
Introduction
In recent years, wind energy technology has drawn much attention from research groups and industry. This has been confirmed by the large number of research papers published over this period of time. Today the variable speed wind turbine system (WTS) based on a doubly fed induction generator (DFIG) is the most used in onshore wind farms [1] . The principal advantage of the DFIG is that the rotor side converter (RSC) is only sized for 30% of rated power compared to other generators used in variable speed WTSs. Consequently, the cost of the converter becomes less [2] .
Stator field oriented control using proportional-integral (PI) controllers is the conventional control scheme used for DFIG-based WTS [3, 4] . In this control scheme, the decoupling between d-axis and q -axis current is achieved with feedforward compensation, and thus the DFIG model becomes less difficult and PI controllers can be used. Nevertheless, this control structure is strongly dependent on machine parameters, uses multiple loops, and requires much regulation effort to guarantee structure stability over the total velocity range [5] .
In order to overcome the drawbacks of the vector control, direct torque control (DTC) has been presented [3, 6] . In the conventional direct torque control (C-DTC), torque and flux can be directly controlled by using switching table and hysteresis controllers. Nevertheless, a few disadvantages limit the use of these controllers, such as variable switching frequency and torque ripple [7, 8] . In many research papers on DTC, these adverse effects are reduced by using the SVM scheme; however, the robustness of the control is sacrificed [9, 10] .
Recently the sliding mode control (SMC) methodology has been widely used for robust control of nonlinear systems. SMC, based on the theory of variable structure systems, has attracted a lot of research on control systems for the last two decades. It achieves robust control by adding a discontinuous control signal across the sliding surface, satisfying the sliding condition. Nevertheless, the standard SMC has an important disadvantage, which is the chattering phenomenon caused by the discontinuous control signal. To resolve this problem, several modifications to the usual control law have been proposed. In most cases, the boundary layer approach is applied [11] .
Some useful solutions for sliding mode DTC with less torque and flux ripples used in induction motor drives were described in [12, 13] . In [14] , the authors proposed the use of a DTC with second order sliding mode (SOSM) controllers applied to the induction motor drive.
Newly developed, SOSM generalizes the essential sliding mode scheme that acts on the second order time derivatives of the structure variation since the constraint instead of influencing the initial variation derivative as it occurs in standard sliding modes [15] . Some such controllers were reported in the literature [16] [17] [18] [19] .
In order to elaborate a robust DTC without torque and flux ripples and with lower chattering phenomenon, in this paper we propose to use a second order continuous sliding mode direct torque control (SOCSM-DTC) for a DFIG drive integrated in a WTS. The proposed strategy takes into account the nonlinear nature of the WTS behavior, the flexibility of the drive train, and the turbulent nature of the wind. Suggested by Levant in [20] , this control strategy presents attractive features such as robustness to parametric uncertainties of the DFIG and also presents robustness with respect to internal and external disturbances and model uncertainties, finite-time convergence, and reduced chattering. This paper presents the fundamental aspects of the SOCSM-DTC and presents pertinent simulation results for a DFIG drive. The proposed strategy is compared with a C-DTC. The original contribution of this paper is the application of the proposed strategy to control the torque and flux of DFIG drives supplied by a pulse width modulation (PWM) inverter. The simulation results validate that the SOCSM-DTC has very robust behavior, like conventional SMC, and it works without remarkable steady-state chattering. This represents a novel robust and ripple-free DTC method for DFIG drive control.
The DFIG model
In the literature, the Park model of the DFIG is largely used [21, 22] . The equations of voltages and fluxes for the DFIG stator and rotor in the Park reference frame are given as follows.
V ds , V qs , V dr , and V qr are the two-phase stator and rotor voltages; I ds , I qs , I dr , and I qr are the two-phase stator and rotor currents; ψ ds , ψ qs , ψ dr , and ψ qr are the two-phase stator and rotor fluxes; R s and R r are respectively the resistances of the rotor and stator windings; and L s , L r , and M are respectively the inductance on the stator, the inductance on the rotor, and the mutual inductance between two coils.
The stator and rotor angular velocities are linked by the following relation: ω s = ω + ω r . ω s is the electrical pulsation of the stator and ω r is the rotor one, while ω is the mechanical pulsation of the DFIG.
The electrical model of the DFIG is completed by the following mechanical equation:
Here, the electromagnetic torque C em can be written as follows:
C r is the load torque, Ω is the mechanical rotor speed, J is the inertia, f is the viscous friction coefficient, and p is the number of pole pairs.
The stator side active and reactive powers are defined as:
In order to develop a decoupled control of the stator active and reactive powers, we use a Park reference frame linked to the stator flux ( Figure 1 ) [7] . By supposing that the d-axis is oriented along the stator flux position and based on Eq. (1), neglecting R s we can write: ψ ds = ψ s and ψ qs = 0 (5)
ψs Ls
By using Eqs. (5), (6), and (7), Eq. (4) can be written as follows:
The electromagnetic torque can then be expressed by:
Second order continuous sliding mode control
The chattering phenomenon, which represents a big problem of the standard sliding mode control, can cause harmful effects on the generator because discontinuous control can cause overheating of the coils and excite some unmodeled high frequency dynamics [23] . Some solutions were proposed to avoid this drawback [24, 25] . The major idea was to adjust the dynamics in a small region of the discontinuity surface to evade real discontinuity and at the same time to conserve the major characteristics of the whole system. Newly proposed, the high order sliding mode (HOSM) generalizes the essential sliding mode idea that acts on the high order time derivatives of the system deviation from the constraint instead of influencing the first deviation derivative as happens in standard sliding modes [26, 27] . In addition to maintaining the major benefits of the original technique, it addresses the chattering effect and presents superior accuracy in practical implementation. These controllers were employed in many research papers in the last two decades [16, 17] .
The major difficulty encountered with HOSM algorithm implementations is the augmented needed information. Knowledge ofṠ,S, ...,S (n−1) is necessary for the carrying out of an n th order controller. Among all the algorithms proposed for the HOSM, the supertwisting algorithm is an exception, which requires only information on the sliding surface [18] . Consequently, this algorithm has been used for the proposed control strategy. As shown in [19] , with this algorithm, the stability can be justified for all SOSM controllers.
Using second order continuous sliding mode control is very suitable because it has the desired characteristics, such as robustness under uncertainties. It can also decrease chattering and provides better transient features than the other high order sliding mode [28] .
The used control law applied in this paper is given by the following equation [29] :
Here, v is defined by Eqs. (11) and (12) and the scalars a 1 , a 2 ,... ,a n satisfy Eq. (13). In addition, l 1 ,l 2 ,...,l n are scalar coefficients defined such that the n th order polynomial
Here we have a n + 1 = 1 anda n = a.
SOCSM-DTC of the DFIG
The SOCSM-DTC goal is to control the torque and the rotor flux magnitude of the DFIG. In the C-DTC, flux is controlled by means of the direct axis voltage V dr , while the torque is controlled by means of the quadrature axis voltage V qr .
The proposed SOCSM-DTC, which is designed to control rotor flux and electromagnetic torque of the DFIG, is shown in Figure 2 . (14) and (15) .
Here, the flux magnitude error S φr = φ * r −φ r and the torque error S Cem = C * em −C em are the sliding variables, and the constant gains k 1 and k 2 must check the stability conditions.
Stability and gain choice
Consider a dynamic system with input u, state x, and output y , given by Eq. (16) .
The control difficulty is to discover an input function u = f (y ,ẏ) that can drive the system trajectories to the starting point y =ẏ = 0 of the phase plane, if possible in a limited time. The input u is defined as a novel state variable, whereas the switching control is applied to its time derivative,u. The output y is controlled by a SOCSM controller, with the sliding variable S = y * − y .
This controller does not utilize the derivative of the sliding variable. As imposed by Eqs. (14) and (15), the adequate condition for convergence to the sliding surface and for stability is for the gains to be large enough [14] .
Here, A M ≥ |A| and B M ≥ B ≥ B m are superior and inferior bounds of A and B in the second derivative of y .
Simulation results and discussions
In this part simulations are carried out with a 1.5 MW DFIG attached to a 398 V/50 Hz grid, using the environment of MATLAB/Simulink. Parameters of the machine are given in the Table. Both control strategies, C-DTC and SOCSM-DTC, are simulated and compared regarding reference tracking, stator current harmonics distortion, responsiveness to the rotor speed variation, and robustness against machine parameter variations. 
Reference tracking test
The objective of this test is to study the behavior of both DTC control strategies while the DFIG's speed is maintained at its nominal value. Figures 3-5 show the obtained simulation results. As shown by Figures 3 and  4 , for the two DTC control strategies, the torque and rotor flux almost perfectly track their references values.
Moreover, contrary to the C-DTC strategy where the coupling effect between the two axes is apparent, we notice that the SOCSM-DTC guarantees the decoupling between them. On the other hand, Figure 5 shows the harmonic spectra of one phase stator current of the DFIG obtained using the fast Fourier transform technique for both DTC control strategies. It can be clearly observed that the total harmonic distortion (THD) is reduced for SOCSM-DTC (THD = 0.98%) when compared to C-DTC (THD = 2.57%). 
Sensibility to rotor speed variation
The principle objective of this test is to examine the influence of a mechanical speed variation of the DFIG on electromagnetic torque and rotor flux behaviors for both DTC control strategies. For this object and as shown by Figure 6 , the rotor speed was varied in the interval of time t = 0.4 s to t = 0.6 s from 100 rad/s to 200 rad/s. The simulation results are shown by Figures 7 and 8 . These figures show that the speed variation produces a negligible effect on electromagnetic torque and rotor flux curves for both DTC control strategies. This result is attractive for wind energy applications to guarantee stability and quality of the generated power when the speed is changing. 
Robustness test
For analyzing the robustness of the used DTC control strategies, the machine parameters have been intentionally changed; the values of the stator and the rotor resistances R s and R r are doubled and the values of inductances L s , L r , and M are divided by 2. The machine is running at its nominal speed. Simulation results are presented in Figures 9-11 . As shown by these figures, parameter variations of the DFIG slightly increase the time-response of the C-DTC strategy. On the other hand, these variations present a clear effect on the torque and flux curves and the effect appears more important for C-DTC than for SOCSM-DTC. Thus, it can be concluded that the proposed SOCSM-DTC strategy is more robust than the C-DTC one. 
Conclusion
A novel DTC strategy of a DFIG connected directly to the grid by the stator side and fed by an SVM converter from the rotor side has been presented in this article. As a first step, we started with a study of modeling on the DFIG. Integrated in a WTS, this machine has many advantages as well as variable speed operation and the capability of operation in four quadrants.
In the second step, we adopted a vector control strategy in order to independently control stator active and reactive powers exchanged between the DFIG and the grid. In a third step the SOCSM-DTC was synthesized and compared to the C-DTC. Regarding reference tracking with a DFIG in ideal conditions, both DTC strategies track their references almost perfectly, but a coupling effect appears in the C-DTC responses, which is eliminated in the SOCSM-DTC ones. On the other hand, simulation results have confirmed that the proposed SOCSM-DTC operates with a very lower chattering phenomenon. When the machine's speed is changed, the impact on the torque and rotor flux curves is almost negligible for both DTC strategies. A robustness test has also been investigated where the DFIG parameters have been intentionally modified. These changes induce some disturbances on the torque and flux responses but with an effect almost doubled with the C-DTC strategy compared to that with SOCSM-DTC. Based on all these results it can be concluded that a robust control method such as SOCSM-DTC can be a very attractive solution for devices using DFIG such as wind energy conversion systems.
